Introductioninitial particle number (Fig. 5E ). These data are consistent with the previous report on the role 154 of trbl in Twine destabilization (Farrell2013). These measurements indicate that PpV controls 155 the expression levels of Twine protein and maintains a low embryo to embryo variation in pre-156
MBT. Complementary to PpV, zygotic Trbl is involved in the induced destabilization of Twine 157
during MBT by enhancing the decay rate. 158
159
Twine is hyperphosphorylated in PpV mutants 160
To assess a potential control of Twine protein stability by phosphorylation, we analyzed Twine 161 protein by mass spectrometry. We isolated Twine-GFP with GFP-binder from staged wild type 162 and PpV mutant embryos (Fig. 6A) . The isolated amounts of Twine-GFP protein were visible 163 with Coomassie blue staining (Fig. 6B ). Isolated and digested bands were analyzed for their 164 peptide sequences and for phosphorylated residues. In wild type and mutant embryos, we 165 achieved coverage of 59.4% and 70%, respectively, and we detected peptides 1.8 fold more 166 frequently in wild type than in mutants (Fig. 6C , Suppl. data Tab. S1). Two dual phosphorylation 167 sites were found in both wild type and PpV embryos: Thr203+Ser205 and Thr394+Ser396 (Fig.  168 6C, Tab. 1). Importantly, an additional three sites were identified in PpV mutants: Ser41, at 169 least one residue in the region between 59 and 67, and a clustered site close to the C-terminus, 170
Ser405 and Ser412 (Fig. 6C , Tab. 1). These sites are evolutionary not conserved (Suppl. Data 171 To test the relevance of the identified residues, we generated Twine-GFP constructs and 176 corresponding transgenes, in which these residues were mutated (Fig. 6D) . The transgenes 177 were crossed into twine mutants to test for complementation as a sign for functionality of the 178 mutated constructs. We generated phosphosite (Twine-GFP-8×Ala) and phosphomimetic 179 (Twine-GFP-8×Asp) mutants in the context of a genomic rescue construct (Fig. 6D ). Both 180 mutated transgenes complemented the twine female sterility similar to the wild type transgene. 181
However, the phosphomimetic mutant showed a dominant lethality with two copies. This 182 dominant lethal phenotype indicates that Twine-GFP-8xAsp is acquired for new activities, suchinterpretation would be questionable. 185
186
We measured Twine protein levels and their decay by fluorescence fluctuation analysis in 187 embryos containing no endogenous Twine but the transgenic Twine-GFP. The phosphosite 188 mutant contained a strongly increased amount of initial Twine levels (Fig. 6E, Tab. 2). We 189 detected this increase in embryos with one copy of the transgene as well as in embryos with 190 two copies. The decay rate was slightly lower in embryos with the phosphosite mutation than 191 with the wild type allele (Fig. 6E, Tab. 2). Consistent with the higher Twine levels we observed a 192 cell cycle phenotype. Amazingly, embryos with one or two copies of Twine-GFP-8×Ala 193 frequently underwent an additional nuclear division (Fig. 6F ). In summary, we detected 194 developmentally relevant phosphorylation sites in Twine by our mass-spectrometric analysis. 195
Mutation of the PpV-dependent phosphorylation sites leads to higher protein expression and 196 importantly a corresponding extra nuclear division in embryos comparable to PpV mutants. We 197 conclude that PpV controls Twine phosphorylation state, ensures low expression levels and 198 prompt decay of Twine, and thus timely remodeling of the cell cycle. 199
200
PpV and trbl act in parallel 201
The differences in the dynamics of Twine-GFP suggest that PpV acts in a different manner on 202
Twine than Trbl. To test this notion, we analyzed genetic interactions between PpV and trbl. 203
Trbl has been implicated in cell cycle remodeling due to its zygotic expression and its ability to 204 pause the nuclear division cycle (Grosshans2000, Seher2000) and its role in degradation of 205 Twine/Cdc25 (Farrell2013). Trbl homozygous animals have reduced viability, fertile flies, and 206 trbl embryos from homozygous females undergo a normal number of nuclear divisions. In 207 contrast, trbl females with PpV germ line clones did not produce any eggs. The ovaries of these 208 females displayed multiple defects including egg chambers with an increased number of nurse 209 cells (Data not shown). As both mutations are null alleles, we conclude that PpV and trbl act in 210 parallel pathways in oogenesis, because the double mutant phenotype is stronger than the 211 phenotypes of the single mutants. 212 previously (Farrell2013). Following trbl RNAi injection in PpV mutant embryos we observed a 216 slightly increased proportion of PpV embryos with an extra nuclear division cycle (Fig. 7B) . 217
Next, we tested whether the ability of trbl to induce a precocious cell cycle pause depended on 218
PpV. Following injection of trbl mRNA into wild type as well as PpV embryos, we observed a 219 precocious cell cycle pause as indicated by the lower nuclear density, larger nuclei at the 220 injection site (Fig. 7A, 7B) . These experiments show that trbl can precociously pause the cell 221 cycle even in the absence of PpV. In summary, these experiments indicate that PpV and trbl act 222 in separate pathways controlling entry into mitosis. 223
224
The delayed cell cycle remodeling in PpV mutants does not depend on AuroraA 225
Next we investigated whether PpV controls Twine phosphorylation indirectly via AuroraA 226 (AurA), which controls progression of mitotic events (Glover1995). It is assumed that PP-6 227 dependent dephosphorylation suppresses activation of AurA during mitosis in human cells 228 (Zeng2010). AurA may also be a PpV substrate in Drosophila embryos. We observed an 229 impaired chromosome segregation at low frequency in PpV mutants (NC10-13, 3% of the 230 nuclei (N>100), three embryos) (Fig. 8A , Movie 2). Chromosomes did not separate and fused 231 with chromosomes from neighboring spindles, although the arrangement of the centrosomes 232 with single centrosomes at spindle poles appeared normal (Fig. 8A ). In addition, we often 233 observed delayed chromosome separation in telophase (Fig. 8B ). In addition, we detected an 234 additional band in an AurA western blot with extracts from PpV embryos in comparison to wild 235 type extracts (Fig. 8C) , which may correspond to a hyperphosphorylated AurA form. These 236 observations are consistent with the antagonistic relationship of PP-6 and AurA in human cells. and are characterized by severe and asynchronous mitotic defects (Glover1995, Fig. 8D) , 244 which prevented counting the number of nuclear divisions in aurA mutants and PpV aurAwhich has been demonstrated to be specific for AurA (Manfredi2007). To validate the activity of 247 this compound in Drosophila embryos, we injected MLN8054 into wild type embryos expressing 248
Histone 2Av-RFP and recorded movies. Injected embryos frequently showed defects in 249 chromosome segregation in anaphase and telophase of syncytial cycles depending on the 250 concentration of the inhibitor (Fig. 8E ). This phenotype is consistent with the aurA mutant 251 phenotype (Glover1995, Fig. 8D ). The dose response curve indicates an effective concentration 252 at about 20 µM in the injection solution (Fig. 8F) . Injection into wild type embryos did not 253 change the number of nuclear divisions on top of chromosomal segregation defects (Fig. 8G) . 254
All embryos went through 13 divisions. Injection into PpV mutant embryos resulted in a mixed 255 phenotype with 13 or 14 nuclear divisions comparable to water injected PpV mutant embryos 256 (Fig. 8G) . We conclude that AurA activity is not required for the extra nuclear division in PpV 257 mutant embryos. These data indicate that AurA does not link PpV to Twine for cell cycle 258 remodeling during MBT. MBT, whereas maternal PpV controls the pre-MBT levels of Twine (Fig. 9A) . 273
274
Twine/Cdc25 protein is expressed in high levels during pre-MBT stage in many PpV mutant 275 embryos indicating that PpV ensures low protein levels in wild type embryos. Beside the higher 276 expression levels, it is remarkable that the embryo to embryo variation depends on PpV. In PpVmutants, we observed a wide variation of Twine. This variation is not due to limitations of our 278 measurement technique, since measurements for nls-GFP and Twine-GFP in wild type 279 embryos are robust with little variation. Our measurements indicate that PpV suppresses 280 embryo to embryo variation by keeping Twine levels low. This would be consistent with a 281 safeguarding function of PpV, which narrows the variation to a ground level. Such a mechanism 282 could also explain the 30%-50% penetrance of PpV embryonic cell cycle phenotype. Formaldehyde or heat fixed embryos were rinsed thrice in PBT, and blocked in PBT with 5% 371 BSA at 4°C overnight. The primary antibodies were added in the respective dilutions in 0.1% 372 BSA with PBT and embryos were incubated 2 h with constant rotation at room temperature. 373
Then the embryos were rinsed thrice and washed four times 15 min with PBT. Secondary 374 antibodies were added in PBT and embryos were incubated for 2 h. Embryos were rinsed 375 thrice and washed four times 15 min in PBT again. Embryos were then stained with DNA dye,rinsed thrice in PBT, washed in PBT for 5 min and mounted in Aquapolymount (Polysciences)
Western blot 388
Proteins were separated by SDS polyacrylamide gel electrophoresis and transferred to 389 The statistical significance (p value) of differences between the measured distributions were 422 calculated by Student's t-test. Usually 5 traces of each 10 s length were used for calculation of 423 one data point N(t). For control measurements with nls-GFP four data points were averaged. 424
For the time dependent decay of Twine-GFP at least five data point were used for fitting in an 425 exponential curve by linear regression analysis. Determination coefficients were in the range of 426
>0.97. 427
washed thrice with lysis and washing buffer and added to 1 ml of cleared embryonic lysate. 439
After rotating on a wheel for 1 hour at 4°C, spinning at 800 rpm for 2 min, and washing Twine-440 GFP thrice with lysis and washing buffer, protein was eluted from the beads in Laemmli buffer. 441
Samples were run on SDS-PAGE 4-12% gradient 4-12% MOPS buffered system and bands 442 excised and processed. Band slices were digested with trypsin over night at 30°C and the 443 peptide extracted the next day. Samples were resuspended in 1% formic acid and a 15 µl 444
Aliquots of each sample were run either before or after phosphopeptide enrichment. 445
Phosphopeptides were enriched using Ti 4+ IMAC (ReSyn Biosciences) on an UltiMate 3000 446 RSLC nano system (Thermo Scientific) coupled to a LTQ OrbiTrap Velos Pro (Thermo 447 Scientific). Peptides were initially trapped on an Acclaim PepMap 100 (C18, 100 µm × 2 cm) 448 and then separated on an EasySpray PepMap RSLC C18 column (75 µm × 50 cm) (Thermo 449 Supplemental data Figure S2 
